Objective: Screening for specific coding mutations in the EFHC1 gene has been proposed as a means of assessing susceptibility to juvenile myoclonic epilepsy (JME). To clarify the role of these mutations, especially those reported to be highly penetrant, we sought to measure the frequency of exonic EFHC1 mutations across multiple population samples. Methods: To find and test variants of large effect, we sequenced all EFHC1 exons in 23 JME and 23 non-JME idiopathic generalized epilepsy (IGE) Hispanic patients, and 60 matched controls. We also genotyped specific EFHC1 variants in IGE cases and controls from multiple ethnic backgrounds, including 17 African American IGE patients, with 24 matched controls, and 92 Caucasian JME patients with 103 matched controls. These variants are reported to be pathogenic, but are also found among unphenotyped individuals in public databases. All subjects were from the New York City metro area and all controls were required to have no family history of seizures. Results: We found the reportedly pathogenic EFHC1 P77T-R221H (rs149055334-rs79761183) JME haplotype in one Hispanic control and in two African American controls. Public databases also show that the EFHC1 P77T-R221H JME haplotype is present in unphenotyped West African ancestry populations, and we show that it can be found at appreciable frequency in healthy individuals with no family history of epilepsy. We also found a novel splice-site mutation in a single Hispanic JME patient, the effect of which is unknown. Significance: Our findings raise questions about the effect of reportedly pathogenic EFHC1 mutations on JME. One intriguing possibility is that some EFHC1 mutations may be pathogenic only when introduced into specific genetic backgrounds. By focusing on data from multiple populations, including the understudied Hispanic and Black/ African American populations, our study highlights that for complex traits like JME, the body of evidence necessary to infer causality is high.
It has been reported that coding mutations in the EFHC1 (for EF-hand containing) gene are the cause of perhaps up to 9% of all cases of juvenile myoclonic epilepsy (JME). 1 The major evidence supporting this conclusion includes the following: (1) Hispanic and Dutch families with epilepsy show linkage to a locus that includes EFHC1, [2] [3] [4] [5] [6] (2) highly penetrant EFHC1 coding mutations segregate with JME in families reporting Hispanic and Central American ancestry, 7 ( 3) rare EFHC1 mutations have been reported to be both inherited and de novo in sporadic JME cases, 8 (4) Efhc1-deficent mice exhibit spontaneous seizures, 9 
EFHC1 regulates important neurodevelopmental events in cell culture. 10, 11 However, despite this evidence, notable contradictions still remain. For instance, in the study that initially proposed mutations in EFHC1 as a cause of JME, 7 four separate coding mutations were found to segregate in 6 of the 30 JME families that showed linkage to the EFHC1-containing 6p12-p11 locus. Although these four mutations were not found in 382 Hispanic controls, neither they nor any other EFCH1 coding mutations were found segregating in the other 24 families in the study. Therefore, the six families were the only families in which these four EFHC1 mutations were found to segregate with JME. It is notable that when these six families were excluded from the analysis, evidence in favor of linkage remained. 7 Although these observations support the hypothesis of a JME gene existing in the region, they cast some doubt on the importance of EF-HC1 coding mutations for disease and/or on the role of EFHC1 in JME susceptibility. A subsequent study of Dutch JME patients also found linkage to the same region 5 but failed to find any exonic mutations in EFHC1 associated with JME. 12 Thus, in the majority of 6p12-p11-linked JME families from both Hispanic and Dutch populations, EFHC1 coding mutations do not segregate with disease. This means that other elements in the region, either within EFHC1 or in some other gene, must be responsible for the genetic signal. These elements might include regulatory factors affecting EFHC1. However, an additional possibility that cannot be ruled out is that EFHC1 is not the actual causative gene and that mutations in some unexamined nearby element functionally unrelated to EHFC1 are the cause of 6p12-p11-linked JME. One example that illustrates how causal mutations can be in a gene nearby a gene initially thought to be causal is in benign familial neonatal seizures (BFNS). Initially, given the observation of a nonsense mutation in CHRNA4, the gene encoding the neuronal nicotinic cholinergic receptor a4 subunit, segregating 13 with BFNS in a linked region of chromosome 20q, 14 this mutation was thought to be causal. At the time of its discovery, the evidence seemed convincing. However, it was ultimately shown that mutations in a nearby gene KCNQ2 were in fact the cause of 20q-linked BFNS. 15, 16 Thus, whether one considers CHRNA4 and BFNS or EFHC1 and JME, the existence of segregating mutations is not proof of causality, especially in the case of EFHC1, which also happens to have several coding mutations that are unrelated to epilepsy. 7, 17, 18 (A fact often ignored in a cosegregation argument is that, in a linked region, all variants within the region, including those not in the disease gene itself, are more likely to cosegregate with the disease, by the definition of linkage analysis. This means that cosegregation alone cannot prove that a variant is the cause of the disease.) Importantly, if it is the case that another gene at 6p11-12 is causal for JME, the mutations are unlikely to be coding mutations, as mutation analysis of several genes in the region seems to rule out this possibility. 18 More recently, exome-wide sequencing efforts have raised another issue regarding the role of EFHC1 in JME. Specifically, two of the four mutations initially reported to cause JME with high penetrance, and reported to co-segregate with JME, 7 are variants found in individuals in the National Heart, Blood and Lung Institute Exome Variant Server (EVS: http://evs.gs.washington.edu/EVS) database. 19 The EFHC1 F229L variant (rs137852776) is relatively rare (0.4%) and carriers in the EVS database could possibly be JME patients, since the sample is unphenotyped. However, the frequency of the other variant, the EFHC1 P77T-R221H haplotype (rs149055334-rs79761183), is found in >2% in the EVS data base among African Americans, a surprisingly high frequency for a haplotype reported to cause JME with roughly 80% penetrance. Without phenotypic data on these individuals, we cannot rule out the possibility that the EVS individuals with this haplotype are also JME patients, although a frequency of >2% significantly exceeds the prevalence of all forms of JME in any population. Therefore, an important question becomes, for example, "What does it mean to be an African American carrying the EFHC1 P77T-R221H allele and how does this impact individual susceptibility to epilepsy?"
The reported role of pathogenic EFHC1 variants in JME 7, 8 has been mentioned in reports weighing the benefits and harm of genetic testing in the epilepsies (e.g., Ottman et al. 20 ), with the causative role of EFHC1 in JME listed as one of the most well-accepted findings. Ottman et al. note that being told that one carries a risk allele for epilepsy can lead to anxiety, stigmatization, and discrimination. Therefore, it is important to distinguish between "susceptibility" alleles and "causal" alleles. "Susceptibility" alleles interact with other genetic or environmental factors to increase the chances of developing disease, but they need not have any direct effect on the underlying disease mechanism and are not necessary for the disease to manifest. In contrast, the defining characteristic of "causal" alleles is their clear direct involvement in the disease mechanism with interactions between other genetic or environmental factors being of secondary importance in disease expression. If the putative EFHC1 disease alleles are in fact causative, as is the case for genes involved in several severe, monogenic forms of epilepsy (e.g., SCN1A in Dravet syndrome 21 ), their interpretation in the clinic will be substantially different than if they are merely susceptibility alleles. Therefore, it is essential that the risk attributed to genetic variants not be overstated. Furthermore, understanding which category EFHC1 fits into is of importance in understanding the mechanisms underlying epilepsy susceptibility. This is especially important because, unlike the ion channel-encoding candidate genes, which have been studied extensively in epileptogenesis, EFHC1 appears to function in neural develop-ment and differentiation, 22 ,23 a mechanism for epileptogenesis only recently being widely acknowledged. 1, 24 Because of the need to properly assess the effect of EFHC1 disease alleles in JME, we investigated the reportedly strong effect of EFHC1 coding mutations in Hispanic patients with epilepsy, where the effect is presumed to be particularly large. Our controls were carefully selected so as to have no family history of epilepsy (as opposed to the unphenotyped individuals in the EVS [http://evs.gs.washington.edu/EVS] and 1,000 Genomes databases [http://www.1000genomes.org]. We measured the frequency of the reportedly pathogenic EFHC1 P77T-R221H and F229L alleles in specific populations and used 1,000 Genomes data to supplement our findings. Our study does not find an excess of EFHC1 mutations in JME patients, but may suggest a possible ancestry-specific component governing susceptibility to EFHC1-based JME. Such possible interactions must be considered when assigning risk values to susceptibility alleles in JME and in all complex disorders, especially when considering such variants in applications such as designing genetic testing panels for assessing risk for a particular disease.
Materials and Methods

Study recruitment criteria
All of our JME patients were recruited by referral from epileptologists in the New York area. Diagnoses and the ethnicity of parents and grandparents were confirmed by direct interview or telephone interview. Ethnicity was determined by self-report, parental, and grand-parental information when available, and by the analysis of ancestry-informative markers.
25 JME inclusion criteria required the presence of myoclonic jerks of the arms and shoulders occurring shortly after awakening, experienced with full consciousness and interictal bursts of a polyspike wave on electroencephalography (EEG) and no indication of focality. The onset of seizures ranged from 8 to 20 years of age; a family history of epilepsy was not required for recruitment. Furthermore, patients with myoclonic absence seizures, focal seizures, substance abuse, mental retardation, or suggestion of structural, metabolic, or degenerative disease were excluded from this study. 26 Of the 46 Hispanic IGE patients (23 of whom were JME) in our genetic analyses, four (three of whom were JME) had a parent also diagnosed with IGE (two of which were familial JME). We recruited ethnically matched controls from the New York area, provided that they self-reported as having neither seizures nor a family history of seizure disorders. We also included 17 Black/ African American IGE patients with 24 matched controls and 92 Caucasian IGE cases with 103 matched controls we recruited for measuring the frequency of EFHC1 P77T-R221H and F229L, as these match the populations where these variants are observed in EVS.
EFHC1 mutation analysis
Genomic DNA was extracted from saliva and sequenced with the primer pairs reported in previous studies. 8, 17 From the 46 Hispanic IGE cases, we amplified the 11 exons of EFHC1, their flanking exon/intron junctions, the promoter region, and the 5 0 and 3 0 untranslated regions (UTRs). Three of the EFHC1 exons and the EFHC1 promoter proved to have polymorphisms in those cases, so we sequenced those three polymorphism-containing exons and the promoter in 60 Hispanic controls. (Note that this approach of sequencing all the exons in cases and then genotyping the controls for only the specific variants found in cases is known to bias analyses toward finding association. 27 ) In African American cases and controls, we screened for one particular variant that is a haplotype of two single-nucleotide polymorphisms (SNPs): rs149055334-rs79761183 (EFHC1 P77T-R221H). (Note that we refer to this two-allele haplotype as a single variant, as the minor alleles almost always occur together.) We also examined sequence data from the 1,000 Genomes Project for all populations, taken from http://www.1000genomes.org. The regions of interest included all EFHC1 exons, regulatory regions, and 39 ancestry-informative markers (AIMs) along chromosome 6. Validated variants, frequencies, and scores for predicted effect of amino acid change (if any) were obtained using ANNOVAR (annotation of variants, a software tool for annotation of genetic variants [http://wannovar.usc.edu]). 28 
Ancestry-informative markers (AIMs)
We used 39 AIMs along chromosome 6 to assess the proportion of European, African, and Native American ancestry in our Hispanic subjects. These AIMs cover EFHC1 and were chosen from a genome-wide list of 2,120 AIMs that showed the highest standard deviation of allele frequencies between Caucasians, Mesoamericans, South Americans, and Yorubans in Nigeria. 25 Study participants were genotyped at these AIMs by Roswell Park Cancer Institute (Buffalo, NY, U.S.A.) using the MassARRAY platform from Sequenom (San Diego, CA, U.S.A. 
Results
We did not find any of the reportedly pathogenic EFHC1 mutations 7, 8 in our 23 JME or our 23 other-IGE Hispanic cases. The cases in our data set were found to have six different EFHC1 exonic variants; five of these six variants-rs116586919, rs142489544, rs3804506, rs3804505, and rs1266787 (Table 1) -were found at equal frequencies in our 60 Hispanic controls, despite the sampling bias, which tends to increase the number of false positives (see Materials and Methods). The sixth variant is a novel mutation we found in a single Hispanic JME case, but was not observed in any other individual in our entire study and does not appear in any database we examined, including EVS, 1,000 Genomes, and the SNP database dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). This is a splice-site mutation immediately 3 0 to the exon/intron junction of exon 9 and transitions the completely conserved G to an A, suggesting it may alter function of the EFHC1 transcript. Nonetheless, without genotypes from family members, we can neither determine whether this variant is de novo or inherited, nor ascribe it any pathogenicity based on the available information.
Given the known admixed composition of Hispanic genomes, we wanted to ensure that the genetic makeup of our New York City (NYC) Hispanic cases is indeed comparable with previous reports in the literature, 7 which sampled mostly Mexicans from Los Angeles, CA. We used MDS to demonstrate the relatively short genetic distance that separates our Hispanics from the Los Angeles Mexican (MXL) individuals of 1,000 Genomes. To address the issue of power to detect significant differences in ancestry, we applied the same MDS technique to all Asian, African, and European individuals in 1,000 Genomes and demonstrated that the 39 AIMs do indeed provide sufficient information to distinguish different populations (see Fig. 2 ).
The EFHC1 F229L and P77T-R221H alleles have each been reported to be highly penetrant disease alleles with a relatively high prevalence among JME patients. However, these alleles can also be found in publicly available databases (e.g., EVS). In the 1,000 Genomes data, we found two individuals with the F229L allele, both from the Tuscan Italian (TSI; n = 92) population. Therefore, although the allele seems rare when examining databases collectively, the frequency increases significantly when considered from a population-specific perspective. We found similar and even more striking ethnicity-based enrichment of the P77T-R221H allele. In particular, this haplotype is found at a genotypic frequency of 8% in the 1,000 Genomes Nigerian Yoruba (YRI) population. It is also found in the African American (ASW) and Puerto Rico (PUR) populations, each known to have considerable West African ancestry. Because the occurrence of this allele greatly exceeds any estimate of JME prevalence, it is extremely unlikely that these unphenotyped carriers of reportedly pathogenic EFHC1 alleles are affected with JME. Furthermore, given the reported high penetrance of these alleles, it is also unlikely that these individuals are nonpenetrant carriers of a causal variant. This casts some doubt on the P77T-R221H allele being a highly penetrant cause of JME.
In contrast to 1,000 Genomes and EVS data, all of our subjects are phenotyped. So, we genotyped our samples of patients and controls for the EFHC1 P77T-R221H and F229L alleles as well. For EFCH1 P77T-R221, we genotyped our Hispanic controls (mentioned earlier), 17 Black/ African American IGE patients from the New York City metro area, and 24 matched African American healthy controls. Even in this small sample, we found P77T-R221H in two African American controls, which is consistent with 1,000 Genomes frequency of 8% in YRI. This shows that this allele occurs at appreciable frequencies in unaffected individuals with West African ancestry. This allele was also found in one of our Hispanic controls who reported Caribbean ancestry, again suggesting an increased chance of West African ancestry. In addition to being healthy, our controls were required to have no family history of epilepsy. Furthermore, this allele was not found in our 17 African American epilepsy patients, which, given its frequency in African American controls, suggests that it does not influence JME susceptibility in individuals of West African ancestry. For the EFCH1 F229L, we genotyped our Hispanic controls (mentioned earlier), 92 Caucasian IGE patients from the NYC metro area, and 103 matched Caucasian controls. Although we found F229L in one of 92 Caucasian JME patients, this is hardly sufficient evidence to infer causality. But since F229L was found exclusively in the 1,000 Genomes TSI sample, it is interesting that this Caucasian patient happens to be of Mediterranean descent with a genetic background that most closely resembles the 1,000 Genomes TSI sample (data not shown).
Of note, neither the EFHC1 F229L nor the EFHC1 P77T-R221H allele is present in any 1,000 genomes individual in the MXL population. These two alleles were each found in two Hispanic JME families, accounting for four of the six families in which EFHC1 coding mutations reported to segregate with JME. 7 That study did not observe these two mutations in 382 healthy Mexican controls from Los Angeles. 7 That they are also absent in the 1,000 Genomes MXL population is consistent with these alleles not being common in individuals reporting Mexican ancestry.
Discussion
Coding mutations in the EFHC1 gene have been proposed as a major cause of JME, especially among individu- 7 and their prevalence among JME patients has been estimated to be as high as 9%. 1 Although our sample sizes were small, we have ample power to detect such large effects. Instead, we found that both our JME cases (and IGE cases) and our controls have about the same frequency of EFHC1 coding mutations. We did observe a single EFHC1 splice-site variant in a single JME case that may affect gene function, but simply identifying mutations predicted to affect function is not sufficient to imply causality, since many such mutations can be found in healthy individuals. 30 Importantly, we show that the EFHC1 P77T-R221H allele, reported to cause JME with~80% penetrance does not cause JME in individuals of Black/African American ancestry as, in addition to being found, for example, 8% in the 1,000 genome YRI population, we find it in healthy controls with no family history of epilepsy. Therefore the effect of this allele in Mexicans in Los Angeles Hispanics does not apply to all ethnic groups.
The term "Hispanic" describes a heterogeneous group of ethnicities. One possible explanation for our inability to find pathogenic EFHC1 coding mutations with major effects in our sample might involve differences in ancestry between our New York Hispanic sample and Mexicans from Los Angeles, in which the originally reported mutations were found. Mexicans in Los Angeles are known to contain a substantial contribution of Native American ancestry, 31, 32 whereas the Hispanics from New York typically have a far greater contribution from Afro-Caribbean ancestry. However, an MDS analysis based on the ancestry informative markers we genotyped in our sample shows that our Hispanic cases and controls cocluster with the 1,000 Genomes Project MXL individuals (Fig. 1) . This same analysis also shows that the 39 AIMs of chromosome 6 are sufficient to identify clusters of major continental ancestry (Fig. 2) . Therefore, any differences in ancestry between our sample and Mexicans in Los Angeles are unlikely to explain the absence of pathogenic EFHC1 coding mutations in our Hispanic cases.
The importance of ethnicity in studying the genetics of epilepsy has received insufficient attention, perhaps because most of the epidemiology of epilepsy has been done in the Caucasian population. 33 However, evidence suggests that ethnicity should be expected to play a critical role in determining which genes cause epilepsy in which populations. For example, the BRD2 locus, linked and associated with JME in Caucasians, showed evidence against linkage in non-Caucasians. 26 Other JME loci have been identified from specific regions, such as southern India. 34 We should expect different genetic backgrounds to harbor different genes that influence susceptibility to epilepsy. One possible and intriguing explanation for our observation that EFHC1 alleles common in non-Hispanic populations appear to be a cause of JME in the Mexican/Hispanic population could be that EFHC1 interacts with other elements of the genetic background in Hispanics to become pathogenic. This could explain why these mutations appear to be benign in several 1,000 Genomes Project populations but deleterious in a subpopulation of Hispanics and why they are absent in healthy Mexican controls. Evidence from human studies and animal models point to a prominent role for genetic background in seizure disorders through gene-gene interactions. For example, mutations in both the SCN1A and SCN2A genes Genomes Project data. The MDS is based on genotypes at 39 ancestry-informative markers (AIMs) of chromosome 6, and is equivalent to the first two principal components of variation. Clearly, there is considerable overlap between HNYC (blue) and MXL (red). Epilepsia ILAE Figure 2 . Multidimensional scaling (MDS) of three super groups: African, Asian, and European. The genotypes at 39 ancestry-informative markers (AIMs) along chromosome 6 were extracted from the 1,000 Genomes Project data. Based on the first two principal components, there is a clear separation between Africans (AFR: black), Asians (ASN: red), and Europeans (EUR: blue). Epilepsia ILAE are thought to be required for the expression of certain forms febrile seizures and Dravet syndrome-like phenotypes. 35, 36 In mice, the combination of specific mutations in the both Scn2a and Kcnq2 genes leads to more severe seizure phenotypes than either mutation individually. 37 Conversely, such mutations can be compensatory. Background-specific gene-gene interactions can also exhibit protective effects. Mutations in mouse Scn8a that cause seizures can actually suppress the increased seizure susceptibility phenotype of Scn1a-deficient mice. 38, 39 That we find EFHC1 P77T-R221H haplotype to be as high as 8% in populations of West African ancestry is evidence that some EFHC1 coding mutations can exist in relatively benign states in some backgrounds (e.g., West Africans) but perhaps not in others (e.g., Hispanics in Los Angeles). Similarly, the EFHC1 F229L amino acid substitution can be found in Tuscan Italians (e.g., the 1,000 Genomes Project database), but like the P77T-R221H allele, F229L also segregated with JME in Hispanic JME pedigrees. Again this implies backgroundspecific effects interacting with EFHC1 alleles in JME. Benign EFHC1 alleles that exist in two separate ethnicities (e.g., West African and Tuscan Italian) may increase susceptibility in a Mexican population from Los Angeles population. What must be considered is that the Mexican population is a group likely to have a large contribution from Native American/Mesoamerican ancestry. Because of the genetic background difference, it cannot be ruled out that the Mesoamerican population is more vulnerable to the effect of certain, perhaps deleterious, EFHC1 alleles.
In summary, the observation that (1) just as in the majority of 6p12-p11-linked JME families, we do not find pathogenic EFHC1 coding mutations associated with JME in our sample and (2) alleles originally reported to be causative for, and segregate with, JME in one population (Mexicans) are, in fact, common in other populations clearly demonstrates that, first, proving that a putative epilepsy gene is, in fact, the cause of a disease, even in families showing linkage to the region, can be a difficult task and, second, ethnicity must be taken into consideration in studies of epilepsy. We offer an updated view of the landscape of purportedly pathogenic EFHC1 coding mutations, taking distribution by ethnicity-based ancestry into account ( Table 2 ). Because we show that P77T-R221H exists in healthy individuals (perhaps depending on genetic background), the same possibility must also be considered for the F229L allele. Therefore, observations such as F229L segregating recessively with intractable epilepsy of infancy in a Moroccan Jewish family linked to 6p12-p11 40 need to be carefully considered. Cell-based assays and studies of mouse Efhc1 demonstrate that that the gene is important in neuronal development and seizure susceptibility. Alteration of EFHC1 function is likely causative in some cases of JME, but given that the majority of linked families do not show mutations, that apparently benign variants are relatively common in other populations, and that no population level association of JME with markers in the region has been observed, 17 the story is far from being understood. Not only may gene-gene interaction and genetic background play a role, but also noncoding variants or mutations in nearby loci may be behind most of the 6p12-p11-linked JME cases. Moreover, until the story is more completely understood, the prediction of epilepsy susceptibility in any given individual carrying reportedly pathogenic EFHC1 alleles must be handled with caution, as any overestimation of the effect of these alleles can negatively influence clinical decisions and patient care. 
